This paper describes the distribution of detrital minerals and sediment color in the 33 surface sediments of the western Arctic Ocean and the northern Bering Sea and 34 investigates the relationship between mineral composition and sediment provenance. This relationship was used to determine the provenance of western Arctic Ocean 36 sediments deposited during the last glacial period. Sediment color is governed by water 37 depth, diagenesis, and mineral composition. An a*-b* diagram was used to trace color 38 change during diagenesis in the Arctic Ocean sediments. The mineral composition of 39 surface sediments is governed by grain size and provenance. The feldspar/quartz ratio of 40 the sediments studied was higher on the Siberian side than on the North American side 41 of the western Arctic Ocean. The (chlorite+kaolinite)/illite and chlorite/illite ratios were 42 high in the Bering Sea but decrease northwards in the Chukchi Sea. Thus, these ratios 43 are useful for provenance studies in the Chukchi Sea area as indices of the Beaufort 44
8 high (yellowish) in the western Arctic Ocean north of 75°N and decreased southwards 166 in the Chukchi Sea to the Bering Sea (Fig. 2) . The b* value was lowest in the Yukon 167
Estuary. 168
In the western Arctic Ocean, L* tended to decrease with increasing water depth to 169 600 m, and a* and b* tended to increase (Fig. 3) . Below 600 m, these color indices were 170 nearly constant, except for some western Arctic sediment around 1200 m that showed a 171 higher L* (Fig. 3) . In the Bering Sea, the L* and a* values of the slope sediments 172 around 1000 and 2500 m were no different to those of the shelf sediments, and the b* 173 values of the slope sediments corresponded to the values obtained from the outer shelf 174 sediments (Fig. 3) . 175 176
Minerals 177
Quartz, feldspar including plagioclase and K-feldspar, illite including mica, chlorite, 178 kaolinite, hornblende, calcite, and dolomite were detected in the study samples (Fig. 4) . 179
Chlorite at 3.54 Å and kaolinite at 3.59 Å could be quantified separately in 46 of the 57 180 samples. The diffraction intensity of chlorite+kaolinite at 7.1 Å was significantly 181 positively correlated with that of chlorite at 3.54 Å (r = 0.89), but not with that of 182 kaolinite at 3.59 Å (r = 0.39; Fig. 5 ). This indicates that the diffraction intensity of 183 chlorite+kaolinite is governed mainly by the amount of chlorite in the study area. 184
Plagioclase ranged from anorthite to albite. Quartz and feldspar were most abundant in 185 the northern Bering Sea, and their abundance decreased northwards in the shelf area of 186 the Chukchi Sea to the western Arctic Ocean north of 75°N (Fig. 4) . Smear-slide 187 observations showed that quartz and feldspar are the major constituents of the sand and 188 silt. Illite, chlorite+kaolinite, and chlorite were abundant in the western Arctic Ocean9 north of 75°N and the Mackenzie River estuary, but decreased in abundance southwards 190 from the Chukchi Sea to the Being Sea (Fig. 4) . The areas with high illite, 191 chlorite+kaolinite, and chlorite contents correspond to the areas dominated by fine 192 sediments ( fig. 3 in Park et al., 2014; Fig. 4 
). Kaolinite was abundant in the Northwind 193
Ridge and Mackenzie Delta areas and abundantly found in one sample from the Yukon 194
River estuary (Fig. 4) . Hornblende was abundant in the Bering Sea, in particular in the 195
Yukon River estuary, but its abundance declined northwards in the Chukchi Sea (Fig. 4) . 196
Calcite was abundant in the western Arctic Ocean north of 75°N, but was below the 197 detection limit in other areas. Smear-slide observations showed that calcite is a 198 constituent of the foraminifera and detrital grains. Dolomite was detected but became 199 lower in abundance westwards in the western Arctic Ocean north of 75°N (Fig. 4) . 200 Dolomite was below the detection limit in the other areas (Fig. 4) . Smear-slide 201 observation showed that dolomite is a constituent of the detrital grains. 202 203
Cores 204

Sediment Color 205
In all five short cores, L* was lower (darker), a* was higher (more reddish), and b* 206 was higher (more yellowish) in the upper horizon than in the lower horizon (Fig. 6 ). The 207 color change occurred at a depth of 2 to 3 cm in core 01A MUC, 6 to 7 cm in core 02 208 MUC, 19 to 23 cm in core 03A MUC, 12 to 15 cm in core 06 MUC, and 11 cm in core 209 13 MUC (Fig. 6 ). The age-depth model of core ARA02B 01A GC retrieved at the same 210 site as core 01A MUC indicated that the study interval (0-35 cm) covers the last 600 211 years (Masanobu Yamamoto and Song-Il Nam, unpublished data) . Therefore, the study 212 interval corresponds to the late Holocene. The lithology of core 02 MUC is similar to 213 core 01A MUC, suggesting that the study interval (0-35 cm) was also deposited during 214 the Holocene. The color boundaries in these two cores do not correspond to lithological 215 boundaries, but reflect the redox boundary between the oxic layer [Fe(III) state] in the 216 upper horizon and the anoxic layer [Fe(II) state] in the lower horizon, as is often seen in 217 sediments in other oceans (Nagao and Nakashima, 1991) . In contrast, the color changes 218 in cores 03A MUC and 06 MUC did correspond to the lithological boundaries. The 219 sediments of the upper horizon consisted of clayey silt, whereas the sediments of the 220 lower horizon consisted of silt with ice-rafted debris. The upper brownish layer was 221 assigned to the Holocene B1 layer, and the lower grayish layer was assigned to the last 222 glacial G1 layer, which is an established stratigraphy in the offshore area of the western 223
Arctic Ocean (Polyak et al., 2004) . The boundary between the B1 and G1 layers has 224 been dated to 12.5 ka in core AR92-P25 on the Northwind Ridge (Polyak et al., 2009) . 225
The color changes in core 13 MUC do not correspond to the lithological boundaries. 226
The sediments consist of silt throughout the entire core, but the color change is similar 227 to that of core 06 MUC. By correlating the color indices, the upper brownish layer (0-228 11 cm) was tentatively assigned to the Holocene B1 layer, and the lower yellowish layer 229 (11-24.5 cm) was assigned to the last glacial G1 layer. 230 231
Minerals 232
Quartz, feldspar, illite, and chlorite+kaolinite were the major minerals detected in 233 cores 01A MUC and 02 MUC. The abundances of these minerals increased gradually 234 with increasing depth, but the relative abundances were almost constant (Fig. 7) . In core 235 03A MUC, quartz, feldspar, illite, and chlorite+kaolinite were the major minerals in the 236 B1 layer, and dolomite and quartz increased in the G1 layer (Fig. 7) . In core 06 MUC, 237 quartz, feldspar, illite, chlorite+kaolinite, calcite, and dolomite were the major minerals 238 in the B1 layer, and dolomite and quartz increased while calcite decreased in the G1 239 layer (Fig. 7) . In core 13 MUC, quartz, feldspar, illite, and chlorite+kaolinite were the 240 major minerals in the B1 layer, and quartz increased in the G1 layer. 241 242
Discussion 243
Factors controlling sediment color 244
In the study area, the fine offshore sediments were dark brownish in color (lower L*, 245 and higher a* and b*), whereas the coarse inner shelf sediments were a light olive-gray. 246
In the Arctic Ocean, manganese oxide forms the dark-brown sediments of the deep 247 basins (Jakobsson et al., 2000; Löwemark et al., 2013) . The dissolution of manganese in 248 shelf sediments and precipitation of manganese in deeper sediments are the major 249 processes influencing color differences between shelf and deeper sediments in the 250 western Arctic Ocean (Löwemark et al., 2013) . In the Bering Sea, the slope sediments 251 have the same L* values as the shelf sediments, which suggests that the dissolution and 252 precipitation of manganese does not have a major influence on sediment color in this 253 area. 254 L* has a positive correlation with sand content as well as with the XRD intensities of 255 quartz and feldspar, but a negative correlation with the XRD intensities of illite and 256 chlorite+kaolinite (Table 2) . Quartz and feldspar are more abundant, and clay minerals 257 are less abundant, in sand than in clay (Table 3) . As quartz and feldspar have a higher 258 reflectance than clay minerals, the higher abundance of quartz and feldspar contributes 259 to the higher L* in the coarse shallower sediments.
12
The a*-b* diagram shows differences in the color indices between the Arctic inner 261 shelf and basin surface sediments (Fig. 8A) . It also shows that the Bering sediments 262 have a lower a* (more greenish) and b* (more bluish) values than the Arctic sediments 263 (Fig. 8) . This difference seems to correspond to the rate of primary production in these 264 areas; sediments with lower a* and b* values were sampled from the areas of higher 265 productivity (Springer et al., 1996) , and this can be attributed to the formation of 266 bluish-greenish Fe(II) in the more reducing sedimentary environments generated by the 267 high organic influx. On the a*-b* diagram, all of the Arctic cores show a decreasing 268 trend in a* and b* with increasing sediment depth, but the decrease in a* is smaller in 269 cores 03A MUC, 06 MUC, and 13 MUC than in cores 01A MUC and 02 MUC (Fig.  270   8B) . We identified the deeper grayish layers of the former cores as the G1 layer that was 271 deposited during the last glacial period (Polyak et al., 2004) , whereas the deeper grayish 272 layers of the latter cores consist of Holocene sediments and were identified as reducing 273 layers. This diagram is useful to distinguish the origin of the grayish layers. 274
Based on these results, we infer that the sediment color in the Arctic samples studied 275 here is governed by water depth, diagenesis, and mineral composition. The a*-b* 276 diagram is useful for tracing the color change during diagenesis in these Arctic 277 sediments. 278 In the area north of 75°N, the feldspar/quartz ratio is higher in the western areas, 295 such as the East Siberian slope, the Arlis Plateau, and the Makarov basin, than in the 296 eastern areas such as the Chukchi Abyssal Plain, the Chukchi Plateau, the Northwind 297
Abyssal Plain, and the Northwind Ridge (Fig. 9 ). This zonal gradient of the 298 feldspar/quartz ratio suggests that feldspar-rich sediments are derived from the Siberian 299 margin by the slope current that flows east along the East Siberian slope, as was 300 recently suggested by a mooring observation on the East Siberian slope (Koji Shimada, 301 unpublished data), whereas quartz-rich sediments are derived from the North American 302 margin by the BG circulation (Vogt, 1997; Stein, 2008; Darby et al., 2011) . The Laptev 303 Sea sediments have a higher feldspar/quartz ratio than the sediments off the Canadian 304
Arctic archipelago (Vogt, 1997) . This suggests that the feldspar/quartz ratio can be used 305 as a contribution index of East Siberian grains against North American grains. 306
Hornblende is abundant in the Bering Sea, particularly in the Yukon River estuary, 307 but becomes less abundant northwards in the Chukchi Sea (Fig. 4) . The intensity of 308 hornblende is correlated positively with sand content (Table 3 ). The distribution of 309 hornblende suggests that it originated from intermediate igneous rocks and/or 310 metamorphic rocks in the Yukon River drainage basin (Beikman, 1980; Brabets et al., 311 2000) . 312
A high feldspar/quartz ratio is associated with a high intensity of hornblende in the 313
Bering Sea (Figs 4 and 9 ). This association suggests that the detrital matter is derived 314 from intermediate igneous rocks and/or metamorphic rocks. The restricted distribution 315 of feldspar and hornblende-rich sediments suggests that the Yukon River discharge 316 contributes to the supply of feldspar and hornblende. 317 318
Sources of illite, chlorite, and kaolinite 319
Illite and chlorite+kaolinite are abundant in the western Arctic Ocean north of 75°N 320 and the Mackenzie River estuary, but their abundance decreases southwards across the 321
Chukchi shelf to the Bering Sea (Fig. 4) . The intensities of illite and chlorite+kaolinite 322 are correlated positively with silt and clay contents ( Table 3 ), reflecting that both illite 323 and chlorite are constituents of the finer-grained material. 324
Illite is generally the most abundant clay mineral in marine sediments, and this can 325 be explained by the high concentration of micas in many rock types, the widespread 326 abundance of illite in many soils, and its relative resistance to chemical weathering 327 (Biscaye, 1965) . Illite commonly occurs in Arctic shelf sediments, and is the most 328 abundant clay mineral on both the Alaskan and East Siberian margins (Naidu and 329 , 1983; Vogt, 1997; Kalinenko, 2001; Stein, 2008) . Illite is the most abundant 330 clay in the fluvial bed load of Alaskan and East Siberian rivers (Naidu et al., 1982; 331 Naidu and Mowatt, 1983) , which contributes to the ubiquitous distribution of illite in 332 the study area. 333
Mowatt
Chlorite is more prevalent in soil at higher latitudes, where chemical weathering is 334 less intense, and is a major component of fresh glacial rock flour derived from basic 335 rocks (Biscaye, 1965) . Chlorite occurs abundantly near the coasts of Alaska, Canada, 336 and the Aluetians (Griffin and Goldberg, 1963) . The published chlorite abundance in the 337 bed load from 10 Alaskan rivers and an East Siberian river shows that the rivers of 338 western and southern Alaska contain more chlorite than those of northern Alaska and 339 (Fig. 10; Naidu and Mowatt, 1983) , and this reflects the geology of the drainage 340 basins, which are underlain in large part by basic rocks. Kalinenko (2001) Kaolinite, which is found in soils that have formed from the chemical weathering of 360 rocks in hot, moist climates (Biscaye, 1965) , is abundant in the Northwind Ridge and 361
Canada
Mackenzie Delta areas where the BG circulation exerts an influence (Fig. 4) . As the 362 study area is situated in a polar region where kaolinite formation in soils is negligible, 363 the kaolinite here must originate from the erosion of outcrops of kaolinite-rich rocks. 364
The kaolinite/illite ratio was higher in the bed load of rivers and deltaic sediments from 365 the North Slope of Alaska and Canada (Fig. 10; Naidu and Mowatt, 1983) . This 366 suggests that kaolinite in the Northwind Ridge originated from ancient rocks exposed 367 on the North Slope and was delivered by water or sea ice via the Beaufort Gyre 368 circulation. 369 370
Source of dolomite 371
Dolomite was detected on the Northwind Ridge and the Chukchi Plateau (Fig. 4) . 372 Dolomite is exposed in the Canadian Arctic Archipelago and is abundant in glacial till 373 on the southwestern Canadian Archipelago (Bischof et al., 1996) . The dolomite debris 374 in the western Arctic sediments is most probably delivered by icebergs via the BG 375 circulation from the Canadian Arctic Archipelago (Bischof et al., 1996 , Bischof and 376 Darby, 1997 , Phillips and Grantz, 2001 . Dolomite was below the detection limit in the 377 samples obtained from the shelf areas of the Chukchi and Bering seas in the present 378 study. There is no significant source of dolomite grains in this area (Beikman, 1980) . 379 380
The feldspar/quartz and (chlorite+kaolinite)/illite diagram 381
All of the surface sediment samples are plotted in the diagram of the feldspar/quartz 382 against (chlorite+kaolinite)/illite ratios (Fig. 11) 
Provenance of the western Arctic sediments during the last glacial period 391
The mineral composition of the short cores from the Chukchi Plateau, the Chukchi 392 shelf, and the East Siberian slope revealed the provenance of the sediments deposited 393 since the last glacial period. All of the samples have a low (chlorite+kaolinite)/illite 394 ratio (Fig. 12) . This indicates that the contribution of the Bering Strait inflow was 395 negligible in both the last glacial and Holocene periods in the study area. In cores 01A 396 MUC and 02 MUC from the Chukchi Sea, Holocene sediments plot in relatively small 397 areas, indicating that the depositional environments remained unchanged over the 398 period of deposition (Fig. 12) . On the other hand, in cores 03A MUC and 06 MUC from 399 the Chukchi Plateau, and core 13 MUC on the slope of the East Siberian Sea, the 400 sediments showed a relatively large fluctuation in the feldspar/quartz ratio, suggesting 401 that the relative intensities of the subsurface slope current that flows east along the 402
Siberian margin, and also of the BG circulation, changed significantly during the 403 depositional period (Fig. 12) . 404
The abundance peaks of quartz and dolomite in the G1 layer can be correlated among 405 cores 03A MUC, 06 MUC, and 13 MUC (Fig. 7) . The peaks are most enhanced in core 406 06 MUC. This probably indicates that the site of core 06 MUC was more influenced by 407 iceberg discharge because it was located closer to the main path of icebergs during the 408 last glacial episode (Bischof and Darby, 1997) . calcite abundance was nearly below the detection limit in the sediments sampled from 413 latitudes <76°N and water depths <400 m in the study area (Fig. 4) Sand, silt, and clay contents refer to Nagashima et al. (2012) and Park et al. (2014) . S a g a v a n i r k t o k C a n n i n g M a c k e n z i e M a c k e n z i e * 
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